Abstract-We present a device performance modeling methodology that self-consistently resolves device operation at cryogenic temperatures (T > 30 K) in conjunction with incomplete ionization effects that take into account the change in dopant activation energies as a function of doping. Using this methodology, we developed a device simulator that predicts n-channel MOSFET (NMOSFET) device characteristics for a wide range of temperatures by solving semiconductor equations, along with the Poisson equation. Comparison of our calculated results with measurements shows that proper inclusion of variations in activation energy as a function of doping level is necessary for accurately monitoring device operation at cryogenic temperatures. Using dopant activation energies that are independent of doping levels leads to current rolloff and eventually device turn-off at low-temperature simulations. However, activation energy models that give lower activation energies for higher doping levels result in improved NMOSFET performance at colder temperatures, which agrees with experiments. Furthermore, calculations indicate that different incomplete ionization models affect the NMOSFET characteristics mainly through changes in the resistances of the heavily doped source and drain regions, and the substrate.
Device Modeling at Cryogenic Temperatures:
Effects of Incomplete Ionization Akin Akturk, Jeffrey Allnutt, Zeynep Dilli, Neil Goldsman, and Martin Peckerar, Fellow, IEEE
Abstract-We present a device performance modeling methodology that self-consistently resolves device operation at cryogenic temperatures (T > 30 K) in conjunction with incomplete ionization effects that take into account the change in dopant activation energies as a function of doping. Using this methodology, we developed a device simulator that predicts n-channel MOSFET (NMOSFET) device characteristics for a wide range of temperatures by solving semiconductor equations, along with the Poisson equation. Comparison of our calculated results with measurements shows that proper inclusion of variations in activation energy as a function of doping level is necessary for accurately monitoring device operation at cryogenic temperatures. Using dopant activation energies that are independent of doping levels leads to current rolloff and eventually device turn-off at low-temperature simulations. However, activation energy models that give lower activation energies for higher doping levels result in improved NMOSFET performance at colder temperatures, which agrees with experiments. Furthermore, calculations indicate that different incomplete ionization models affect the NMOSFET characteristics mainly through changes in the resistances of the heavily doped source and drain regions, and the substrate.
Index Terms-Cryogenic temperatures, device modeling, incomplete ionization.
I. INTRODUCTION

F
ORMATION of impurity bands and conduction in impurity bands have been under investigation since the advent of solid-state devices [1] - [3] . Over the years, numerous theories have been proposed to explain how temperature and doping concentration affect incomplete ionization and the implications on device performance [4] - [14] ; approaches have been developed to include incomplete ionization models in device simulators [4] , [6] , [15] - [19] .
Our recent work has focused on developing a simulation methodology to obtain device characteristics in conjunction with self-heating at cryogenic temperatures and room temperature [4] , [20] , [21] . This paper reports on the investigation and evaluation of different theories of incomplete ionization, its manifestation in device physics, and its effects on n-channel MOSFET (NMOSFET) current-voltage characteristics, particularly at lower temperatures. To this end, we have incorporated different incomplete ionization models in our simulator. To verify and calibrate our simulation results, we measured the current versus temperature curves of an NMOSFET, which had been fabricated by the fabrication clearing service MOSIS [22] . Comparison of simulation versus experimental results shows that the NMOSFET performance improves steadily, as the temperature is lowered down to subcryogenic temperatures, and the device does not suffer as much from incomplete ionization effects as would have been expected for a case where freeze-out occurs [4] , [17] , [18] .
There is an ambiguity about the effects of incomplete ionization on device performance and the inclusion of incomplete ionization models in device simulators, particularly, at low temperatures. The recent papers by Altermatt et al. [5] - [7] indicate that the room temperature ionization rate decreases with the dopant concentration, dipping at dopant densities of about 2 − 5 × 10 18 cm −3 and then rolling back on to full ionization levels for high dopant concentrations due to Mott metal insulator transition [8] . However, earlier works consider either lower ionization rates for higher impurity concentrations, with no full ionization observed at very high concentrations [9] - [14] , or activation energies that are independent of dopant densities, which are generally employed for silicon carbide device simulations [19] . In these models, the temperature dependencies of the activation energies are small, because the prominent screening in doped silicon is the nonlinear Thomas-Fermi-Dirac, which depends weakly on temperature [5] . However, impurity density dependencies have been treated in different ways by these models. Impurity density is considered to affect activation energies mainly through the following mechanisms:
-impurity level shift toward the conduction band edge; -conduction band edge lowering (or band gap narrowing); -impurity band formation and broadening.
In this paper, we compare calculated results with experimental data to show how the inclusion of the aforementioned effects using different incomplete ionization models changes the device characteristics.
Our earlier work [4] , [20] , [21] to characterize device operation around room temperature and at low temperatures indicates that the MOSFET current rises as the temperature decreases from room temperature mainly due to higher carrier mobilities that are associated with lower electron-phonon scattering rates at these temperatures. In this temperature range, a competing phenomenon is the increase in built-in potentials, which results in higher junction heights at colder temperatures. However, 0018-9383/$25.00 © 2007 IEEE the effects of carrier mobilities dominate over the effects of potential barriers on device performance, giving rise to higher currents at lower temperatures. As temperature reaches to cryogenic levels, the effects of incomplete ionization need to be considered carefully to probe into the device physics and behavior.
To show how different incomplete ionization models affect the calculated device terminal characteristics, we first present our device model, which is based on the semiconductor equations and the Poisson equation in conjunction with the incomplete ionization models. This is followed by the description of the NMOSFET that we laid out and its current versus temperature measurements compared to the calculated values.
II. DEVICE PERFORMANCE MODELING AT CRYOGENIC TEMPERATURES
A. Semiconductor Device Equations
To obtain device performance at cryogenic temperatures, we self-consistently solve the Poisson (1) and coupled differential semiconductor equations, which are the electron and hole current continuity (2) and (3), respectively, i.e.,
Here, the solution of the Poisson equation gives electrostatic potential φ, and the continuity equations provide electron concentration n and hole concentration p. Additionally, we have electronic charge q, dielectric constant ε, net-ionized doping concentration D, carrier mobilities µ n and µ p , thermal voltage V th , and the Shockley-Hall-Read generation-recombination rates GR n and GR p .
The parameters in the preceding equations depend either explicitly or implicitly on temperature. The following are the explicit temperature dependencies of most of the parameters that are used to obtain device performance details [20] , [21] , except for the carrier mobilities and the incomplete ionization models that will be explained later:
We start with the intrinsic carrier concentration n o (T ) of silicon (Si). Equation (4) are negligibly small but included for mathematical completeness.) Furthermore, (5) includes the effects of band gap broadening at colder temperatures. Then, we show the temperature dependencies of thermal voltage V th (T ), built-in potential φ bi (T ), and saturation velocity υ sat (T ). (To be more precise, experimental measurements or detailed theoretical calculations of the silicon intrinsic carrier concentration [23] , [24] and band gap [25] can be employed in the simulations.)
B. Incomplete Ionization Models
In this paper, we consider three ionization models for phosphorus (P) and boron (B), which are the donor and acceptor dopants, respectively, of our device. In particular, we individually incorporate the different effects of dopant concentration on activation energies that are implied by these models. In all the models, impurity band broadening has been ignored due to the narrow energy width of the band [6] .
1) Model 1: Constant Activation Energies:
The first model takes the activation energies of phosphorus in silicon (Si:P) and boron in silicon (Si:B) as constants that are independent of the dopant densities [6] : ∆E Si:P = 45.5 meV and ∆E Si:B = 44.39 meV. The net-ionized dopant density as a function of space and temperature can be written as the difference of the net-ionized donor concentration and the net-ionized acceptor concentration, using the Fermi-Dirac statistics as follows [4] , [19] :
Here, N 0 Si:P (r) and N 0 Si:B (r) are the total (ionized and unionized) donor and acceptor concentrations. The effective densities of states at the silicon conduction band edge N C and valence band edge N V are multiplied by g d (= 1/2) and g a (= 1/4), which account for the band degeneracies.
2) Model 2: Activation Energies Decreasing With Shorter Average Distance Between Dopants:
The second incomplete ionization model has the same equation (9) for the netionized dopant density, with activation energies appearing in the exponential terms now as a function of dopant concentration [10] - [14] , i.e.,
Here, the total dopant concentrations are expressed in per cubic centimeters, and the activation energies are expressed in millielectronvolts. According to this model, the ionization rates are higher than those in the first model; nevertheless, there is incomplete ionization even at very high dopant densities.
An approximate equation that is similar to (10) and (11) can be derived using the screening of the impurities by each other. For a screening length λ and a uniform impurity distribution with impurities that are a distance of d(= N −1/3 ) apart, the lowering of the potential barrier due to two neighboring impurities is [10] 
Here, the first term is the potential energy in the case of an isolated impurity, and the second term is the maximum potential energy at half distance between the two neighboring impurities. Assuming that λ is considerably bigger than d, using only the first terms of the Taylor expansion of the exponentials (∆E
in millielectronvolts, which is similar to (10) and (11) . (Here, the dielectric constant of silicon is used.)
3) Model 3: Incomplete Ionization With Full Activation at High Dopant Densities:
The third incomplete ionization model is based on recently published papers by Altermatt et al. [5] - [7] . In this model, the activation energy drops as a stronger function of dopant concentration compared to (10) and (11) . In addition, the incomplete ionization is partly compensated for by the fractions of carriers in localized states, giving rise to full ionization for high dopant densities.
In this model, the net-ionized donor (phosphorus) and acceptor (boron) concentrations are related to the activation energies and carrier concentrations as follows:
Here, the fractions of carriers in localized states are b d (r) and b a (r), which are functions of the dopant densities, as given in [5] - [7] . In addition, the activation energies in the preceding equations are the following functions of the dopant concentrations: Following the recipe that was used to obtain (9), the netionized doping concentration can be written as
We note that (17) reduces to (9) for the net-ionized doping density if the fractions of carriers in localized states are set to 1 in (13) and (14) .
In Fig. 1(a) and (b), we show the ionization rate, which is the ratio of ionized dopants to the total dopant concentration, as a function of doping at room temperature and 50 K, respectively. For the doping levels that were considered in Fig. 1 , we assume that the electron (hole) concentration is equal to the ionized donor (acceptor) level. We then solve (17) for the ionized doping level. At room temperature for the highest doping level of 10 20 cm −3 , model 1 (constant activation energies) gives 10%-20% ionization rate. This is followed by the higher ionization rate (above 60%) of model 2 (activation energy changes with the average distance between impurities) and the full ionization of model 3. At 50 K in the vicinity of the highest doping level, model 2 (3) gives higher ionization rates that are closer to full ionization than model 3 (2) for the donor (acceptor) doping, while the ionization rates that are associated with model 1 are much lower. For the simulated NMOSFET, the channel acceptor doping is 2 × 10 17 cm −3 , and the peak source-drain donor doping is 10 20 cm −3 . Thus, the ionization rates for these doping levels may be more influential on the device performance. At room temperature, the ionization rate for the lower channel acceptor level is about 80% for all models. However, at 50 K, model 2 indicates approximately ten times higher ionization rate compared to those that were calculated using models 1 and 3. Furthermore, in Section III, we explain how these rates affect the device performance.
C. Mobility Models
In the device simulator, we incorporate the temperature dependencies of the bulk mobility and acoustic phonons, separately. For the acoustic phonons, we use the following temperature-dependent form [26] :
Here, E ⊥ is the local electric field in the normal direction of the channel, T is the ratio of device temperature T to the room temperature 300 K ( T = (T /300 K)), and α and β [26] , [27] are adjusted empirically for the simulated device. Furthermore, the bulk mobility is written as a product of two terms, i.e., µ b ( T ) and µ b (N ), which incorporate the effects of the temperature and the impurity concentration, respectively. We extracted the following for the temperature-dependent part of the bulk mobility, using the measured data:
Here, mobility increases due to suppressed electron-phonon scatterings down to approximately 190 K. It reaches a peak and then rolls off as temperature decreases, due to increased impurity scatterings. However, the rate of this decrease gets lower, i.e., below 50 K. We associate this with the mobility enhancement due to conduction in the impurity band, which is more influential at colder temperatures. However, at temperatures that are below 20 K, the mobility of the impurity band needs to be modified to take into account localization effects and the hopping processes, which will likely decrease the rise in current values at these temperatures [8] , [17] , [28] . Furthermore, similar bulk temperature characteristics can be obtained by using the dependence of bulk electron mobility on temperature that was suggested by [29] , where the first term that was given by the power law can model the change in curvature at the lower temperatures and the second term can model the electron-phonon and impurity scatterings. (A temperature-dependent bulk mobility model is also proposed in [30] .)
We then obtain the total mobility due to bulk and acoustic phonons, using Matthiessen's rule as follows: 
III. NMOSFET CHARACTERISTICS AT CRYOGENIC TEMPERATURES
A. Fabricated NMOSFET
To investigate the temperature dependence of the NMOSFET characteristics, we had an NMOSFET that was fabricated by MOSIS [22] . In Fig. 2(a) , we show its measured room temperature current-voltage curves and our calculated currents using model 3, and the total dopant concentration is plotted in Fig. 2(b) .
B. Calculated and Measured NMOSFET Performance
To measure the NMOSFET current as a function of temperature, we employed a Dewar, which can be set to any temperature between the liquid helium temperature of 4.2 K and the room temperature of 300 K. We put the NMOSFET and a temperature sensing diode in the Dewar. Next, the Dewar was cooled to 20 K, and the gate and source terminals of the transistor (device A) were externally connected to 4 V and ground, respectively. We connected the drain terminal to 5 V (V DD ) via a 1-kΩ resistor and allowed the system to warm up slowly in this configuration. In the meantime, we recorded the temperature read by the temperature-sensing diode and the voltage on the resistor, which was later used to calculate the drain-current.
The measured current versus temperature curve of device A is shown by the solid line in Fig. 3(a) . Here, the current increases initially as the temperature decreases from room temperature due to suppressed electron-phonon scattering rates. The increase in drain-to-source current as a function of temperature then starts to rolloff for temperatures that are below 100 K (the magnitude of the slope decreases). We associate this with electron-impurity scatterings, which become comparable to electron-phonon scatterings at lower temperatures. However, for temperatures that are below 50 K, the current increases sharply as temperature decreases. We attribute this rise to additional conduction in the impurity band. Moreover, these three different current-temperature behaviors are characterized by the mobility model that was given in the previous section. Additionally, the small size of the NMOSFET and its location close to the edge of the semiconductor die prevent it from self-heating and thus keep the device at Dewar temperature. To verify that no self-heating occurs, we measured the current both continuously and by turning the power supplies off between the measurements. The recorded currents in both cases were approximately the same. Fig. 3 (a) also shows our calculated current-temperature curves, using the three different incomplete ionization models that were detailed in Section II-B. The uses of models 2 and 3 for incomplete ionization give similar performance curves, which match closely to those that were measured. (As a reminder, the differences between models 2 and 3 are the changes in activation energies as a function of doping and the additional effects of localized states. The activation energy in model 2 decreases with shorter average distance between the impurities. However, the activation energy in model 3 decreases more rapidly with shorter distance, and localized states also contribute to the total ionization rate.) Since the ionization rates due to models 2 and 3 are similar and close to full ionization for the higher doping levels of the source and drain regions but quite different for the channel doping level, similar current values that were calculated using models 2 and 3 suggest that the current is less sensitive to the channel dopant ionization. We associate this with the gate-field-driven channel formation. Here, different ionization rates in the channel might have affected the threshold voltage. However, this is minimal due to the low hole concentration in the channel, which gives rise to full ionization in the channel, as shown in Fig. 3(b) . [The total dopant concentration, both ionized and unionized, is shown in Fig. 2(b) .]
The calculated currents in Fig. 3 (a) using model 1 that considers doping-independent activation energies show, first, current increase with temperature lowering; next, a peak at approximately 175 K; and later, current rolloff. Here, the main reason that the current is substantially lower compared to those other calculated values, particularly, at cryogenic levels, is that the source and drain regions become very resistive due to low ionization rates. Therefore, the applied drain voltage drops across these resistive regions, as shown in Fig. 4(a) , resulting in low currents. However, the calculated potential profiles of the source and drain regions using the other models are approximately flat, as shown in Fig. 4(b) , due to high ionization rates and the consequent abundance of carriers.
We also measured the current-voltage characteristics of another NMOSFET (device B) that is fabricated in the same run. The gate and drain terminals of device B were directly shorted to the voltage supplies, and the source was grounded. To calculate the current, we used the same physical parameters that were extracted by our simulator for device A but divided by a constant since device B supplies less current for the same applied voltage. Fig. 5 (a) shows current-temperature curves in the linear region at V GS = 2.0 V and three different drain-to-source voltages: V DS = 0.2, 0.3, and 0.4 V. Since the channel is not suffering from freeze-out due to low hole concentration, one way to investigate the effects of freeze-out on current is to measure current at lower gate biases. (The source and drain terminals are minimally affected by freeze-out due to high dopant concentrations.) As shown in Fig. 5(a) , for 2-V gate voltage, channel dopants are still ionized. However, the channel ionization rate decreases at lower temperatures, resulting in a decrease in current. This trend is opposite of that shown in Fig. 3(a) . We also note that, to calculate current for the lowest temperatures of 20 and 25 K shown in Fig. 5(a) , we accounted for the decrease in mobility due to the limitations of hopping processes for transport in the impurity band by adjusting the mobility using an exponential factor for tunneling [8] , [28] . Furthermore, Fig. 5(b)-(d) shows the calculated (circles, using model 3) and measured (solid lines) current-voltage characteristics at three different temperatures: 37, 60, and 120 K, respectively. In the linear and saturation regions, the current mainly increases with decreasing temperature, which is the trend that is shown in Fig. 3(a) .
IV. CONCLUSION
We investigated the effects of different incomplete ionization models on calculated NMOSFET current-temperature characteristics that are obtained by self-consistently solving the semiconductor equations. It should be pointed out that the performances of modern MOS devices are not typically degraded by freeze-out, as was previously the case for lightly doped devices. However, our analyses indicate that the inclusion of incomplete ionization models into the NMOSFET device solver would provide a better view of the device operation and, particularly, a better physics-based monitoring of the potential and concentration profiles in the device. Specifically, the inclusion of incomplete ionization effects using activation energies that are independent of doping levels implies premature current lowering at cold temperatures. Whereas activation energy models that give lower activation energies for higher doping levels result in improved NMOSFET performance at colder temperatures, which agrees with experiments. Furthermore, calculations indicate that different incomplete ionization models affect the NMOSFET characteristics mainly through changes in the resistances of the heavily doped source and drain regions, and the substrate. Here, high source-drain doping levels keep changes in the source-drain resistances small, and these changes are more than compensated for by improved mobility. Therefore, one must be careful while extending the use of room temperature models to cryogenic temperatures.
